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Iowa farmlands occupy approximately 85% of its 35.7 million acres, and Iowa leads the 
United States in corn and soybean production, with an estimated 2.58 billion and 502 million 
bushels of corn and soybean produced in 2019, respectively. This successful trend in annual 
yields has span forty plus years and been consequential to the simultaneous implementation of 
agricultural- and science-based practices. Genetically modified corn and soybean crop varieties 
express genes from Bacillus thuringiensis (Bt) which encode insecticidal proteins that protect, 
with high specificity, against insect pests. While researchers continue to study the molecular 
mechanism(s) of Bt extensively, alternative environmentally safe strategies, such as the use of 
insect viruses (baculoviruses), remain poorly understood. Advancements in molecular biology 
techniques (e.g.,CRISPR-based gene editing) have increased our understanding of gene 
organization, protein functionality, and how they determine organism behavior, substantiating the 
need for an up-to-date and detailed description of insect host-baculovirus interactions. In this 
review, we will focus on mechanisms of host-baculovirus infection, vertical transmission, and 








Insects are the most diverse and widespread organisms on Earth, accounting for nearly 
75% of described animal species (Larsen et al., 2017). Despite the incredible abundance of 
insects in nature, viruses, which are non-living infectious particles, still outnumber insects by 
billions and dominate global biodiversity (Larsen et al., 2017). Most viruses have linear or circular 
genomes, comprise either deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) nucleotides, 
and can be either single-stranded or double-stranded (Harrison, 1990). Specifically, 
baculoviruses belong to the Baculoviridae virus family, characterized by large circular double-
stranded DNA (dsDNA) genomes (G. F. Rohrmann, 2019). Baculoviruses target insects, many of 
which are in the order Lepidoptera, which includes butterflies and moths. Baculoviruses have 
been shown to target approximately 600 lepidopteran species, accounting for over 90% of all 
baculovirus infections (G. F. Rohrmann, 2019). Lepidoptera are one of the most abundant 
agricultural pests, and research on the molecular mechanisms utilized by Baculoviridae to infect 
target tissues in host species provides important information regarding the sustained use of 
baculoviruses as biological control agents. Living in Iowa, this research is of major importance 
due to widespread presence of farmlands. Iowa farmlands occupy approximately 85% of its 35.7 
million acres, and Iowa leads the United States in corn and soybean production, with an estimated 
2.58 billion and 502 million bushels of corn and soybean produced in 2019, respectively (Farms, 
2019). Understanding host-baculovirus interactions and the use of baculoviruses as insecticides 
will only further reduce crop losses. The COVID-19 pandemic has thrust viruses into the research 
spotlight. Although we will not look specifically at coronaviruses in this review, the molecular 
mediators of host infection and the subsequent replication of baculoviruses will likely provide 
some applicable knowledge to coronavirus infection mechanisms. In this review, we will also focus 
on vertical transmission and modulation of host physiology and behavior in Lepidoptera.  
The history of baculoviruses can be traced back 5,000 years when disease in the silkworm, 






China (Steinhaus, 1975). However, it was not until the scientists developed the light microscope 
in the mid-1800s that they could link polyhedron shaped occlusion bodies to insects exhibiting the 
“jaundice” like disease. In 1926, André Paillot reported on a second category of baculoviruses 
causing disease in Pieris brassicae (cabbage moth). These virions contained small, granular, 
ellipsoidal-shaped occlusion bodies (OBs), and were named granuloviruses (GVs) (Paillot, 1926). 
Electron microscopy in the 1940s furthered the understanding of baculovirus structure, showing 
that polyhedron shaped occlusion bodies could exist in the nucleus or the cytoplasm, giving rise 
to disease categories of nuclear polyhedroses (NPVs) and cytoplasmic polyhedroses (CPVs), 
respectively (Bergold, 1947).  
 
1.2 Baculovirus features 
1.2.1 Occlusion bodies  
The OB morphology in infected cells divides the Baculoviridae family into two genera, Nuclear 
polyhedrosis viruses (NPVs) and the GVs. NPV OBs are polyhedral and may contain numerous 
virions, whereas GVs are oval-shaped and contain a single virion (Blissard et al., 2000; Granoff 
& Webster, 1999; Tanada, 1952). Although there are differences between where OBs exist within 
the cell, mechanisms of infections are typically the same among all baculoviruses. In most cases 
of infection, occlusion derived viruses (ODV) are embedded in a protective proteinaceous matrix 
of occlusion bodies, which consists primarily of the protein polyhedrin. Following ingestion by 
target lepidopteran insects, the alkaline conditions in the midgut epithelium solubilize polyhedrin, 
releasing occlusion derived virions and initiating a primary infection (Mori & Kawase, 1983; G. 
Rohrmann, 1986). The structure of the occlusion bodies is crucial in initiating primary infection in 









1.2.2 Nucleocapsids and genomes  
Scientists have described virus and capsid size variation across baculoviruses isolated 
from a wide range of hosts. However, nucleocapsids are rod-shaped, oligomeric, and range from 
230-285 nm in length and 40-60nm in diameter (Ackermann & Smirnoff, 1983). Zhang et al. 
recently reported on a network of novel interactions between nucleocapsid structural proteins FP-
38, EC27-49K, EC27-VP39, and EC27-ME53 in the BV of B. mori NPV (BmNPV). Interestingly, 
nucleocapsids are assembled empty, and following assembly, ATP-driven motors translocate 
genomic DNA (gDNA) into the interior space of the pre-formed nucleocapsid (Zhang et al., 2018). 
Comparative and evolutionary genomic analyses have shown that all baculoviruses share 
approximately 30 homologous genes, many of which encode structural proteins that are essential 
to viral propagation (Herniou et al., 2003). Despite these commonalities, the Baculoviridae virus 
family is diverse and structural features are often associated with disease categories.  
 
1.2.3 ODV envelopes 
 Virus replication and spread utilizes two types of virions, each of which has evolved 
specialized envelopes. Following the ingestion of OBs by susceptible lepidopteran species, the 
alkaline conditions in the lumen of the midgut epithelium initiate an infection, which includes the 
dissolution of the polyhedrin network and further digestion by proteinases, resulting in the release 
of occluded ODVs. During the latter stages of infection but prior to death of the host, virions 
become occluded within cell nuclei. Modification of the nuclear membrane with viral proteins is a 
plausible explanation for the increased complexity of the ODV envelope relative to the BV 
envelope. To date scientist have identified several envelope associated proteins and per os 
infectivity factors in the nucleus of infected larvae that are integral to subsequent oral infections 
(Fang et al., 2009; Javed et al., 2017; Kikhno et al., 2002; Liu et al., 2016; Nie et al., 2012; Ohkawa 
et al., 2005; Pijlman et al., 2003; Sparks et al., 2011). Using Autographa californica 






(HearNPV), Wang et al. recently provided compelling evidence that a ~500 kDa PIF complex is 
assembled in the cytoplasm prior to transport across the nuclear membrane. Furthermore, single 
pif deletion mutants were highly susceptible to proteolytic degradation during purification, 
suggesting that the fully assembled complex provides protection for individual PIF proteins in the 
midgut epithelium of susceptible larvae (Wang et al., 2019).  
 
1.3 Baculovirus mechanisms of infection 
For successful primary infection, the ODV must pass through the host peritrophic 
membrane to reach the host midgut cells (Hou et al., 2019). The peritrophic membrane serves as 
a protective barrier of the midgut from ingested toxins and pathogens, and is composed of dense 
chitin, glycoproteins, and proteoglycans (Hou et al., 2019). It has been shown that baculovirus 
enhancin, which has been identified in about 30% of lepidopteran genomes, is crucial in degrading 
the host’s peritrophic membrane by increasing permeability to allow passage of viral ODVs (Wang 
et al., 2019). Successful passage of ODV through the host’s peritrophic membrane is also 
dependent on ODV-E66, which is one of the major envelope proteins of baculovirus specific ODVs 
conserved in all lepidopteran species. Data suggests that ODV-E66 plays an important role in 
penetrating the peritrophic membrane of the host’s midgut during oral infection (Hou et al., 2019). 
The success of primary infection is also reliant on a series of ten per os infectivity factors (PIFs), 
which are multiprotein complexes on the envelopes of ODVs (Wang et al., 2019). Much is still 
unknown about the structure and assembly, but so far ten PIFs have been identified, all of which 
are conserved in baculoviruses. It has been suggested that PIF assembly occurs in the cytoplasm 
before being transported to the nucleus and incorporated into the envelopes of ODVs. Research 
within PIFs has demonstrated that deletion of PIF genes has no impact on BV production but 
completely abolishes oral infection by ODVs, showing the crucial importance of PIF complexes in 






After the initiation of primary infection, the virus will move on to systemic infection, aiming 
to infect the host’s body tissues. Budded viruses (BVs) are involved in systemic infection after 
budding from the basolateral side of the insect midgut epithelium to other body tissues. Like the 
peritrophic membrane, the basolateral membrane serves as a protective barrier to prevent 
pathogens and toxins from escaping midgut into body tissues. Just as in primary infection, for 
successful systemic infection to occur the baculovirus must pass through the basolateral 
membrane. Subsequent studies have shown that the host tracheal system serves as a conduit 
for systemic infection. BV particles are too large to pass through the basolateral membrane, 
making direct penetration of the virus an unlikely route. Wang et al. suggested that the more likely 
channel for BV passage is through the long extensions of insect tracheal cells that penetrate the 
basolateral membrane. Viral fibroblast growth factor (vFGF) is a baculovirus specific-encoded 
protein that is crucially involved with systemic infection, and plays a major role in virus 
dissemination from infected midgut epithelial cells to other tissues. Current data suggests that 
vFGF functions via a two-step mechanism; attraction of tracheoblasts toward infected midgut 
cells, and stimulation of a signaling cascade to result in degradation of the basolateral membrane 
and establishment of systemic infection. GP64 or F BV-specific envelope proteins mediate entry 
of BV into host cells (Wang et al., 2019).  
 
1.4 Factors that affect horizontal transmission 
1.4.1 Ingestion of occlusion bodies 
Horizontal transmission is the most common form of baculovirus transmission into host 
cells and is dependent on occlusion bodies in all NPV baculoviruses (Redman et al. 2016). In 
horizontal transmission, target insects ingest occlusion bodies off the surface of leaves 
contaminated by a liquefied host that was previously infected. Most baculoviruses are highly 
successful in their infection, infecting most body tissues of the host, and this is due to successful 






eventually leads to death and larval disintegration, providing an opportunity for further horizontal 
transmission of viral particles (Cabodevilla et al., 2011). Because of this, it has been shown that 
horizontal transmission plays an important role in pathogen disease progression (Woestmann et 
al., 2018). Without ingestion of occlusion bodies, horizontal transmission cannot be initiated and 
infection will not occur.  
 
1.4.2 v-chiA genes 
v-chiA genes have been shown to play a crucial role in successful horizontal transmission 
of viral particles by assisting in degradation of larval integuments, leading to liquefaction of the 
host. It has been shown through studies that baculovirus strains lacking v-chiA genes had reduced 
horizontal transmission. In most cases, this reduction in horizontal transmission had a direct 
correlation with reduction of viral particles released for infection of other larval cells. Larval 
liquefaction, with the assistance of v-chiA genes, enhances the dissemination of polyhedra, which 
then in turn facilitates horizontal viral transmission (D'Amico et al., 2013). This data shows the 
importance of horizontal transmission in successful baculovirus transmission, and the crucialness 
of v-chiA genes in assisting with horizontal transmission.  
 
1.5 Factors that affect infectivity 
1.5.1 Host Body Mass 
 Various studies have shown correlations between host body mass and successful 
infectivity. In experimental settings, larvae that were lighter at the time of inoculation were more 
susceptible to viral exposure and less likely to survive. During the same experiment, hosts that 
were virally exposed also had an extended larval development stage, while hosts with a larger 
body mass at inoculation time developed faster through the larval stage, had a longer pupal stage 
and a higher survival rate to pupation  (Woestmann et al., 2018). These ideas suggest that a 






therefore a decreased chance at survival (Gibbs et al., 2010). In a more specific example, 
Spodoptera litura NPV reduced feeding activity and weight gain, frass production, and slowed the 
relative growth rate, causing mortality in infected S. litura larvae (Sahayaraj et al., 2018). Data 
from this study indicate that baculovirus infection alters the entire digestive physiology of the host, 
leading to a decreased body mass and increased chance of virus propagation.  
 
1.5.2 Host diet 
 There has been some research done on host diet and the impact that it has on pathogen 
infectivity of the host. Shikano et al. investigated host performance with varying environmental 
conditions, specifically temperature and nutrition, after exposure to two different baculoviruses. 
Virus challenged larvae perform better on protein-based diets, whereas larvae that were 
unchallenged by viral infection performed better on a more balanced protein and carbohydrate 
diet (Shikano & Cory, 2015). Just as in the case of body mass, these data suggested, once again, 
that effective pathogen resistance boils down to resource availability. The availability of 
carbohydrates and proteins in a host affects body conditions and immune system development 
of the host, which contributes to effective resistance of a pathogen, in this case a baculovirus 
(Gibbs et al., 2010). In this scenario, resources are shifted to immune defenses with the presence 
of a balanced protein and carbohydrate diet.  
 
1.5.3 Viral dose 
 Other research has focused on looking into the viral dose produced in baculovirus 
infection, and the impact that the dose has on the host. It was shown among multiple NPV 
baculovirus strains that higher doses of NPV at infection caused more rapid death in the host. By 
having higher doses of NPV, the host is exposed to a greater number of OBs, resulting in multiple 
foci of infection in the midgut and faster systemic infection to other tissues. Interestingly, no 






produced for further baculovirus transmission (Redman et al., 2016). This suggests that larval 
death occurs after the production of an optimal number of OBs. However, further research is 
needed in this area.  
 
1.5.4 Density-dependent prophylaxis  
 There is growing interest in Density-Dependent Prophylaxis (DDP), the idea that there is 
an adaptive resistance or tolerance to pathogen infection produced in response to crowding 
(Wilson et al. 2015). Gregarious-reared larvae are present in high densities and express 
characteristics such as conspicuous coloration, fast growth, and active behavior (Wilson et al. 
2015). Solitary-reared larvae are present in low densities and express characteristics such as 
cryptic coloration, slow growth, and sluggish behavior. These different characteristics are 
produced as a direct result of larval densities, which play a major role in the probability of 
encountering infectious disease and investment in immune defense. Gregarious-reared larvae 
have a much higher probability of encountering infectious pathogens, and therefore will 
redistribute resources into a higher investment in immune defenses and protection. In this 
experiment, it was shown that gregarious-reared larvae had higher survival rates than solitary-
reared larvae after being challenged by the baculovirus Spodoptera littoralis NPV. Interestingly, 
survival following infection was lower in larvae from gregarious-reared parents than those from 
solitary-reared larvae, consistent with a transgenerational cost of DDP immune upregulation 
(Wilson & Graham, 2015). This shows that crowding has a multi-generational impact in 
lepidopteran disease resistance.  
 
1.6 Impacts on Host Health 
1.6.1 Tree Top Disease 
 The baculovirus is one of the best examples of a parasite altering the behavior of its host 






induces enhanced locomotory activity in the host caterpillar to climb to the upper foliage of a tree. 
It is believed that this behavior can result in dispersal of progeny OBs over a larger surface area, 
increasing the chances of viral transmission to other hosts. Two genes that have shown to be 
important in the success of tree top disease are Ptp and Egt. It was observed that Ptp does not 
directly cause enhanced locomotory activity, but that it causes a viral infection of larval brain 
tissues that in return will play a role in the behavioral change (Katsuma et al., 2012). It is 
hypothesized that Egt is important in inducing climbing behavior in a caterpillar host, while Ptp is 
more highly conserved among baculoviruses than Egt and used to enhance transmission (Ros et 
al., 2015; van Houte et al., 2014). Regardless of function, both genes are known to play integral 
roles in the induction of Tree Top Disease.  
 
1.6.2 Increase in gut bacterial load 
 It has been observed that there is an increase in gut bacterial load after baculoviral 
infection caused down regulation of specific immune related genes. This appears to be host-
pathogen dependent, and in some baculoviruses no host-gene down regulation can be recorded. 
Down regulation of immune related genes could be causing a decrease in antimicrobial activity 
that leads to the increase in gut bacterial loads. It has been seen that this increase in gut bacterial 
loads is beneficial to the virus in terms of enhancing baculovirus virulence, pathogenicity, and 
dispersal. Is the increase in gut bacterial load a side effect of viral infection, or is the down-
regulation of immune related genes a mechanism orchestrated by the virus? (Jakubowska et al., 
2013). This is an area that requires further research, because there are still a lot of unknowns yet 
to be resolved. 
 
1.6.3 Fecundity and immunity 
 In lepidoptera, fecundity refers to the ability of the female to produce new offspring. 






a virus or pathogen. Baculovirus infected hosts will, occasionally, reallocate their resources to 
offer more protection. One example of this is the fecundity and immunity trade off that can be 
seen in host defenses. Fecundity is increased in females by investing in a larger body size, but 
this increase in fecundity could shift allocation of resources away from immune defense, making 
them more vulnerable to infection. As pupal weight increases, disease resistance decreases. This 
is also consistent with the resistance-fecundity tradeoff, meaning that fecundity increases. Viral 
exposure during larval stages pushes resource reallocation toward immunological protection, 
resulting in negative effects on juvenile growth (Paez et al., 2015). Essentially, this means that 
virally challenged larvae will have decreased growth because they must reallocate resources for 
protection against the virus for survival purposes.  
 
1.6.4 Flight-related behavior 
 The reallocation of resources due to the physiological stress of baculovirus infection during 
larval development also affects flight related behavior in adults (Gibbs et al., 2010). In a more 
specific example, it has been observed that melanization in the basal portion of the wings was 
significantly increased with baculovirus exposure. This portion of the wings is very important for 
thermoregulation, and is a change that can occur in response to immune challenges, such as viral 
exposure. This could represent an adaptive response or a carryover effect from viral exposure in 
larval stages. Increasing temperature has been shown to positively impact the immune response 
and survival odds in response to an infection (Woestmann et al., 2018). A second example of 
flight related traits being impacted by reallocation of resources comes with maternal flight time 
and size of the eggs. Increased flight time during the oviposition period has been shown to have 
an impact on resource allocation to egg production, with females that were forced to fly laying 
fewer eggs. Other resource allocation with egg size has shown that smaller eggs tend to have 
lower hatching success and produce offspring which have; lower survival rates during the larval 






in the mother’s provisioning of eggs with age and time spent flying, reduces the developing 
offspring’s capacity for effective immune function (Gibbs et al., 2010). This means that offspring 
will have a more difficult time fighting off a potential pathogen or baculovirus in comparison to 
normal offspring.  
 
Conclusion 
The molecular mediators of host-baculovirus interactions in lepidoptera, specifically, is an 
area of increasing research. In this paper, we reviewed many of the main ideas of these 
interactions, but there is still a lot of further research to be done. Some areas for further research 
include the reasoning behind the gut bacterial load increase, looking into the viral dose and 
subsequent infection, as well as the specifics around the PIF complexes. It is already clear that 
PIFs play a very important role in successful primary infection and that without PIFs infection will 
not occur. Figuring out the specific roles and structure of PIFs, as well as the discovery of others, 
will only improve our understanding of baculovirus transmission. This research is very significant 
from the agricultural perspective. Viruses are so abundant that they control the biodiversity on 
Earth, and Lepidoptera are the most abundant agricultural pests. Using baculoviruses as a 
biological control agent against lepidopteran pests would provide a more targeted and 
environmentally safe method of control. Before baculoviruses can become a more widespread 
method of biological control, it is important to characterize further the mediators of host-
baculovirus interactions discussed here and others. The enhanced understanding that will stem 
from continued  efforts to elucidate baculoviruses mechanisms and the physiological effects they 
exert on infected hosts will strengthen their efficacy as environmentally safe biological control 
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